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1 , 

DIFFRACTIVE/REFRACTIVE LENSLET 
ARRAY 

FIELD OF THE INVENTION 

The invention is related to the ?eld of image sensors and 
particularly to the ?eld of digital image sensors utilizing a 
lenslet array which form an electronic representation of the 
optical intensity distribution at the focal plane of the lenslet 
array. 

BACKGROUND OF THE INVENTION 

The minimum thickness of a camera is limited by the back 
focal distance of the camera objective. Focusing on digital 
cameras, it is possible to make digital cameras thinner by 
using wide angle lenses, but this makes objects appear as a 
smaller fraction of the ?eld of view than is desired in some 
instances. There is also a limitation of the lens 1/2 ?eld angle 
to be less than 30 to 35 degrees below which it is much 
easier to correct for ?eld dependent aberrations such as 
coma, astigmation, lateral color, petzval ?eld curvature and 
lateral color. This ?eld angle limitation limits how short the 
focal length of the objective can be and in 111m how thin a 
camera can be. It is the object of the current invention to 
form a very thin camera using a novel type of array lens 
photographic objective. 

Lenslets arrays have been used concentrate light imaged 
on the detector plane by a photographic objective into 
smaller areas to allow more of the incident light to fall on the 
photosensitive area of the photodetector array and less on 
insensitive area between the pixels. This has been described 
in papers such as “Visible Array Detectors” by Timothy J. 
Tredwell, from HANDBOOK OF OPI‘ICS, VOL. 1, 
FUNDAMENTALS, TECHNIQUES, & DESIGN, SEC 
OND EDITION, Chapter 22, pp.32—34. These lenslet arrays 
are centered directly above the corresponding photosensor 
and are not designed to look at di?’erent portions of the ?eld 
of view independently. Rather, they concentrate the light 
from an existing image fonned by the photographic objec 
tive into the pixel aperture. 

In U.S. Pat. No. 4,994,664, entitled, “Optically Coupled 
Focal Plane Arrays Using Lenslets And Multiplexers” by 
Veldkamp, an array of dif?'active lenslets is used to concen 
trate incident light onto an array of photosensors in order to 
allow for location of amplifying circuitry in areas between 
photosensor sites. These lenslets are centered over the 
photosensitive sites and are formed on the opposite side of 
the photosensor array on a silicon substrate, (the use of the 
silicon substrate allows the fabrication of the lenslet array 
integral with the sensor. This would not allow the use of 
visible light. The invention does envision the possibility of 
a separate quartz substrate). However, the invention still 
would not be able to work over the visible wavelength range 
since the element is composed of all di?rractive optical 
power and suffers from severe chromatic aberrations. 

In U.S. Pat. No. 5,233,174, entitled, “Wavefront Sensor 
Having A Lenslet Array As A Null Corrector” by Zrnek, an 
array of di?‘ractive lenslets with decenters which are 
adjusted to eliminate the local monochromatic wavefront tilt 
from a speci?c optic under test in an interferometric or 
Hartman type test. A Hartman test is used to certify the 
surface quality of various optics. If the optics under test falls 
within the acceptance criteria the wavefront incident on the 
sensor array will form centered light spots on predetermined 
pixels. If the wavefront is other than the desired wavefront 
the light spots will be incident on di?erent pixel elements. 
‘This invention is not applicable to the current application 
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2 
since the centered lenslets are not looking at regularly 
spaced sections of a predetermined ?eld of view. It is also 
not applicable to white light applications due to the chro 
matic aberrations of the di?‘ractive lenslets. 

U.S. Pat. No. 5,340,978, entitled, “Image-Sensing Dis 
play With LCD Display Panel And Photosensitive Element 
Array” Rostoker et al., brie?y describes an array of decen 
tered lenses which form an image of a segment of the ?eld 
of view is described. These lenses are widely separated and 
do not include a workable method for g a ?eld of view 
seen by an individual pixel. Light from outside the desired 
?eld of view can be incident on the photosensor by scatter 
ing off the walls of a spacer element or by re?ection and 
reirnaging of light within the array substrate. The wide 
separation of the lenslets in the array limits the amount of 
light which can be gathered and focused on the image 
sensor. The use of the widely separated pixels will greatly 
increase costs of the sensor since there will be fewer sensor 
arrays fabricated on a given size substrate or wafer. In 
addition, the larger sensor array size will cause a decreased 
yield of ?nished sensor arrays for a given manufacturing 
process. Also there is no discussion of the trade-off between 
the focal length of the lens array and the angular subtense of 
the pixels ?eld of view. If the focal length of the lenslets is 
to short light from one part of the ?eld of view which is 
incident on one pixel will also be Within the ?eld of view of 
an adjacent pixel. For very short focal lengths the corre 
sponding pixel dimension required for an equivalent angular 
resolution will be so small as to not be able to be fabricated 
with lithographic processes. In addition, the light gathering 
area of the pixel will be so small as to not generate a reliably 
measurable number of electrons for a given incident inten 
sity. There is no discussion of the use of di?'ractivelrefractive 
hybrids for achromatization. This patent assumes the use of 
an array of uniformly shaped lenslets while in the present 
invention the utility of varying the surface pro?le of the 
lenslets as a function of their radial position in the lenslet 
array allows for a higher level of aberration correction. In 
the cmrent invention the lenses will be abutted to each other 
and an opaque ba?le placed over the sensor to limit the ?eld 
of view of each pixel. 

SUMMARY OF INVENTION 

The present invention is directed to overcoming one or 
more of the problems set forth above. Brie?y summarized, 
according to one aspect of the present invention, there is 
provided a short focal length image sensor comprising: 

a color photosensor array comprised of number of sets of 
three photosensors; 

a lenslet array comprised of a number of abutting lenslets 
corresponding in number to the number of sets of three 
photosensors each lenslet having a decentration corre 
sponding to its radial position in the lenslet array so that 
each lenslet views a diiferent segment of a total ?eld of 
view; and 

a ?eld limiting ba?le comprised of at least one aperture 
plate which may be a lenslet aperture stop where the 
center of the apertures are each positioned to lie along 
the optical axis of a respective lenslet optical axis. 

From the aforementioned it can be seen that it is a 
preferred object of the present invention to provide an image 
sensor with a wide ?eld of view and a short back focal 
distance. 

It is another object of the present invention to provide a 
compact semiconductor image sensor assembly that is easy 
to fabricate and that enables the design and manufacture of 
cameras thinner than heretofore possible. 



5,696,371 
3 

These and other aspects, objects, features, and advantages 
of the present invention will be more clearly understood and 
appreciated from a review of the following detailed descrip 
tion of the preferred embodiments and appended claims, and 
by reference to the accompanying drawings. 

Advantageous Effect of the Invention 
The present invention has the following advantages: 
The integrated lenslet array sensor is compact and por 

table due to its reduced lens backfocus which permits its use 
in very thin camera bodies; 
The integrated lenslet array sensors are easy to fabricate 

with minimum critical alignments of parts in that multiple 
integrated sensor arrays on a semiconductor wafer may be 
simultaneously aligned with multiple lenslet arrays before 
dicing of the wafer; 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a top view of lens contours and ba?les for the 
lens array of the present invention; 

FIG. 2 is a sectioned view taken along the section lines 
2—2 of the lens array of FIG. 1; and 

FIGS. 3A, 3B, and 3C, illustrates in cross section a central 
lenslet, and the associated tangential and saggital ray aber 
ration curves, respectively; 

FIGS. 4A, 4B, and 4C, illustrate in cross section a lenslet 
at a 16 degree ?eld angle, and the associated tangential and 
saggital ray aberration curves, respectively; and 

FIGS. 5A, 5B, and 5C, illustrate in cross section a lenslet 
at a 26 degree ?eld angle, and the associated tangential and 
saggital ray aberration curves, respectively. 
To facilitate understanding, identical reference numerals 

have been used, where possible, to designate identical 
elements that are common to the ?gures. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Referring to FIG. 1, a lenslet array 10 is formed with an 
array of achromatized refractive/di?ractive lenslets 12 or 
refractive lenslets which are centered over photosensitive 
sites 20 (shown more clearly in FIG. 2). To be observed in 
this ?gure is that the center of the mechanical optical axis 14 
of each lenslet 12 is displaced relative to the ?xed sensor to 
sensor distance as a function of its radial distance from ?re 
optical axis of the central lenslet. The lines 15 appearing 
around the mechanical optical axis 14 of each lenslet 12 are 
topographical lines indicating changes in height of the 
lenslet’s surface. An opaque mask 16 ?lls the areas between 
the lenslets 12 to prevent light from reaching the sensor that 
will be discussed with respect to FIG. 2. The array depicted 
in FIG. 1 represents only a small portion of an array that will 
be used in an actual camera. In an actual implementation 
approximately 7 80><640 lenslets are used to form the array. 
Other con?gurations of the lenslets may be used such as 
forming the outer periphery of each lenslet as a square, 
hexagon, or circle, without detracting from the invention. 

In order for the array to see di?’erent ?elds of view the 
optical axis of the lenslets in the lens array are located at a 
distance which becomes progressively larger than the 
center-to-center distance of the pixels in the array. The 
displacement of the lenslets optical axis increases radially 
from the center of the array. Decentering a lens element 
tends to bend rays from off-axis ?eld angles into the center 
of the lens groups ?eld of View. By moving the optical axis 
of the lens element further out radially with increasing 
distance from the center of the array, the angular location of 
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4 
object at the center of the ?eld of view for a given lenslet! 
photodetector pair originates from increasingly off-axis seg 
ments of the total ?eld of view (see FIG. 2). 

For instance, the required decenter for an array element of 
focal length FL,- necessary to de?ect the ray from the desired 
?eld angle into the center of the array element’s ?eld stop 
can be determined from the paraxial ray tracing equations. 
The paraxial equations are 

where 
y'=height after propagation to next surface 
y0=height at previous surface 
u=paraxial slope angle (radians) 
uo=slope angle before refraction 
¢=power of array element (¢=l/FL,-) 
n=refractive index of the medium 

Therefore, the displacement for a given lenslet with power 
q> (= l/FL,-) that is necessary to bend the central ray from a 
given angle of incidence no to a desired angle u‘, after 
refraction is given by 

The invention utilizes an array of lenslets where the local 
displacement of the lens group’s optical axis varies as a 
function of radial position relative to the center of the 
system’s image optical axis, so that, to ?rst order 

The invention consists of adjusting the lenslet decenters 
so that u'(r)=0 for the central ray within a given lenslet’s 
?eld of view (see FIG. 2). In this case the decenter necessary 
for a given element is approximately a linear function of the 
element’s radial distance from the system’s optical axis. 

Referring now to FIG. 2, the lenslet array 10 is positioned 
over a photosensitive imaging array 30 that may be a CCD 
array having a number of photosensitive sites 20 corre 
sponding in number to at least the number of lenslets 
forming the lenslet array 10. In a three color environment up 
to three photosensitive sites would be formed under each 
corresponding lenslet. The lens array is maintained a dis 
tance apart from the surfaces of the photosensors by spacers 
22 that may also serve the function of being ba?les. Opaque 
baffles 16 on the lenslet array 10 combined with a ?eld stop 
aperture plate 40 to limit the ?eld of view of any particular 
photosensor so that it does not overlap the ?eld of view of 
it neighbors by a large amount. The aperture plate 40 is 
positioned approximately 0.5 mm to 2 mm from the surface 
of the lenslet array 10. The aperture plate 40 may be a layer 
of clear glass having a photoresist mask pattern formed on 
one of it’s surfaces. 
The center of the apertures in the aperture plate 40 are 

aligned to the center of the ?eld of view of a corresponding 
lenslet. The spacing of the centers increases as a function of 
each lenslet’s radial position radially from the center of the 
array causing the aperture plate to be slightly larger than the 
associated lens array. The combination of the opaque areas 
16 with the aperture plate 40 and a given lenslet focal length 
determines the ?eld of view for a photosensitive site 20. The 
lenslet array 10 can be formed of etched quartz, or an epoxy 
replica on a glass substrate. 
The lenslets 12, combined with the appropriate ?eld stop 

aperture plate 40, form images of a small segment of the 
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?eld of view on each photosensitive site 20. By forming the 
lenslets 12 with decentrations of the mechanical optical axis 
14 which increase radially across the CCD array the angle 
which the axial ray incident on any particular CCD element 
makes with the surface normal of the CCD will increase as 
a function of radial position on the array. Therefore, by 
appropriately adjusting the decenters of each lenslet each 
CCD pixel will view a ditferent segment of the scene 
without the need for a separate lens. Since each CCD pixel 
has its own lens element there is no need to reinvert the 
image with a relay lens. Therefore, any camera system 
incorporating the present invention can be extremely com 
pact and ?at. The camera can work in black and white or in 
color if three pixels with color ?lters are formed on each 

- pixel are used. 

An array of aspheric lenslets can be used to form images 
on the detector array. However, the aforementioned embodi 
ment does not correct for the variation in focal length as a 
function of wavelength since the lens element is formed 
from a single refractive material, therefore the spot size of 
the incident light varies as a function of color. An improved 
optical design including a diifractive/refractive hybrid lens 
is used to correct the chromatic aberration in a single 
material. 
The imaging properties of diffractive optics are strongly 

wavelength dependent. When modeling a ditfractive optic 
this phenomena can be represented as a direct dependence of 
equivalent refractive index on wavelength: 

Dilfractive elements impart all of their wavefront bending 
in an extremely thin layer. This is accounted for in the Sweat 
model by modeling the diifractive as a very high index 
material (nc=10,000) with very low curvatures (weak 
surfaces) on each surface. The corresponding focal length 
can then be determined from: 

where Xc=design center wavelength 
The resultant dispersion Va,’ of the diifractive element is: 

which reduces to: 

For designs using: 
kc=587 nrn 
K5486 nm vd=—3 .5 

D111 

For other Wavelength bands of interest an appropriate 
V4,». and element power distribution can be calculated. The 
direct dependence of the equivalent refractive index on 
wavelength leads to a small, negative, vdi?. and a high level 
of wavelength dispersion associated with a ?rst order (m= l) 
di?ractive optical element. 
Due to the variation of refractive index with wavelength, 

a single element lens has a variation of focal length with 
wavelength. Two materials with different dispersions can be 
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6 
used to form a doublet lens which has the same focal length 
at two wavelengths and reduced variation over the whole 
spectrum. The relative distribution of focal powers required 
to achieve this is given by 

The negative vdlf of the di?‘ractive surface allows for 
achromatization of single element hybrid refractive] 
diffractive lenses utilizing a positive focal length di?ractive 
and refractive component It also decreases the focal length 
and Fl# required of the doublet component lenses because a 
refractive doublet consists of a positive crown (low 
dispersion) lens with a shorter focal length and smaller Fl# 
than is required for a singlet and a negative ?int element 
which increases the doublet focal length to the correct value 
and compensates for the dispersion of the positive lens. This 
e?‘ect also decreases the size and weight of the positive 
element of a hybrid refractivelditfractive element. 

For traditional achromatization in the visible regime 
(d-e-f lines) with PMMA plastic lenses the fraction of power 
in the refractive and diffractive portions would be 

It is obvious to a person skilled in the art that one can 
utilize substrates such a quartz, or optical glasses such as 
BK7, or utilize epoxy replicas on glass substrates. 
The use of di?‘ractive/refractive hybrid achromatization 

enables the use of dilfractive surfaces with longer focal 
lengths and higher F/#’s. The high F/# makes the di?ractive 

_ element easier to manufacture due to the large zone spac 
ings. For instance, for a lens with a Fl;0.5 mm and a 
F/#=2.() the ?rst order analysis of the re?'active and di?‘rac 
tive portions would provide focal lengths and Fl#’s of 

fdw=8.696 mm F/#=34.8 
Assuming the diiiractive portion of the lenslet was used 
purely for ?rst order chromatic correction. 
The diffractive lenslets 12 are shown in FIGS. 3A, 4A, 

and 5A, for the on-axis, 16 degrees, and full ?eld of view. 
To be noted in a comparison of these ?gs is that the 
mechanical optical axis 14 is moving radially outwards as a 
function of ?eld angle while the local optical axis 18 is 
incident normal to the plane of the photodetector array. 
The opaque baffle 16 acts as the aperture stop for the 

system as well as limiting the ?eld of view of a given 
photosensor 

FIGS. 3B through 5C represent the tangential an saggital 
ray aberration curves for their respective lenslets. It is 
noteworthy that the overall spot size including chromatic 
aberration is approximately 10 microns which is a typical 
photodetector size. ‘The solid lines represent a wavelength of 
546.1 nm, the dotted lines represent a wavelength of 656.1 
nm, and the dotted and dashed lines represent a wavelength 
of 460.0 nm which represent light in the green, red, and blue, 
wavelengths. 
The following table lists the optical design parameters for 

three array elements at 0, l6, and 26 degrees. The array 
elements at the intermediate ?eld angles can be interpolated 
from these values. 
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Example A 

0 Degree Field Lens 
EFL = 0.5 mm 

F/# = 2.0 

Surface No. Radius Thickness Glass 

Object ' Intinity Air 
1 Aperture Stop 0.5 BK7 
2 —O.273 0.496 Air 
Aspheric CoeE. AD = 1.206 X 101 Dilfractive DF3 = —4.9 X 10-2 

AE : 2.525 X 102 Coe?f. DFS = —5.0 x 10'2 
AF = —6. 122 X 103 
AG = —1.046 X 105 Element DC = 0.0 

Decenter 
Image Air 

Example B 

16 Degree Field Lens 
EFL=O.5 mrn 

Fl#=2.0 

Surface No. Radius Thickness Glass 

Object In?nity Air 
1 Aperture Stop 0.5 BK7 
2 —O.267 0483 Air 
2 Aspheric Coeft. K = —O.115 Di?tractive DF3 = —1.67 X 10-2 

AD : —1.84l Coe?'. DFS : —2.7 X 10"2 
AB = 3.950 X 102 DF10 = 3.436 
AF = -5.6l4 X 103 DF14 = —9.7 X 10-1 
AG : 4.381 X 10‘ DF2l = —5.2 X 101 

Element DC = —0.047 
Decenter 

Image Air 

Example C 

26 Degree Field Lens 
EFL=0.5 mm 

F/#=2.0 

Surface No. Radius 'I‘hiclmess Glass 

Object In?nity Air 
1 Aperture Stop 0.5 BK7 
Z —O.241 0.391 Air 
Aspheric Coeff. K = —0.3925 Diffractive DFB = 1.86 X 10-2 

AD : —1.872 Coe?. DF5 = 7.42 X 10'2 

AB = 7.218 X 102 DF10 = 3.508 
AF = —B. 107 X 103 DF14 = —3.054 
AG = 4.222 X 10‘ DFZl = 1.7 X 101 

Element DC = —0.056 

Decenter 
Image Air 

where the aspheric surface pro?le is de?ned by 

the di?‘ractive phase pro?le is de?ned as 

where 

lo=546.1 11m 
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8 
The invention has been described with reference to a 

preferred embodiment. However, it will be appreciated that 
variations and modi?cations can be e?ected by a person of 
ordinary skill in the art without departing from the scope of 
the invention. 
PARTS LIST: 
10 lenslet array 
12 lenslets 
14 mechanical optical axis 
15 lines 
16 opaque ba?les 
18 local optical axis 
20 photosensitive sites 
22 spacers 
30 photosensitive imaging array 
40 ?eld stop aperture plate 
I claim: 
1. A short focal length image sensor comprising: 
a photosensor array comprised of number of photosen 

sors; 
a lenslet array comprised of a number of abutting lenslets 

corresponding in number to the number of photosen 
sors each lenslet having a decentration corresponding 
to its radial position in the lenslet array so that each 
lenslet views a di?erent segment of a total ?eld of view; 
and 

a ?eld limiting baffle comprised of at least one aperture 
plate which may be a lenslet aperture stop where the 
center of the apertures are each positioned to lie along 
the optical axis of a respective lenslet optical axis. 

2. A short focal length image sensor comprising: 
a color photosensor array comprised of number of sets of 

three photosensors; 
a lenslet array comprised of a number of abutting lenslets 

corresponding in number to the number of sets of three 
photosensors each lenslet having a decentration corre 
sponding to its radial position in the lenslet array so that 
each lenslet views a di?’erent segment of a total ?eld of 
view; and 

a ?eld limiting baffle comprised of at least one aperture 
plate which may be a lenslet aperture stop where the 
center of the apertures are each positioned to lie along 
the optical axis of a respective lenslet optical axis. 

3. The short focal length image sensor according to claim 
2 wherein said lenslets have an aspherical surface. 

4. The short focal length image sensor according to claim 
3 wherein said lenslets additionally have an aspherical 
surface whose pro?le varies as a function of its radial 
position in the lenslet array. 

5. The short focal length image sensor according to claim 
2 and further comprising: 

a plurality of bal?es extending between each lenslet and 
a corresponding set of three photosensors so as to 
prevent stray light from one lenslet impinging on one or 
more of the three photosensors in an adjacent set of 
photosensors. 

6. The short focal length image sensor according to claim 
2 wherein each of said lenslets has a surface that is a 
di?ractive/refractive hybrid to eliminate chromatic aberra 
tion. 

7. The short focal length image sensor according to claim 
6 wherein said lenslets have a di?ractive/refractive surface 
whose pro?le varies as a function of it radial position in the 
lenslet array. 


